ABSTRACT: The role of physical processes in sediments in the response of macroinfauna remains largely unknown, in contrast to the role of waves and swash conditions. This study was motivated by our recent finding on the physics involved in intertidal sediments and aims to explore the link between geophysics and ecology. Field observations were performed on an intertidal sand flat on the east coast of Tokyo Bay, Japan. The results indicate that the development of suction (s), i.e. negative pore water pressure relative to atmospheric air pressure, was closely linked to the behaviour of the sand bubbler crab Scopimera globosa (Crustacea: Ocypodidae) and was the trigger responsible for the onset of its burrowing activity. Three series of laboratory burrowing experiments were performed by simulating the relevant geophysical environment prevailing in the intertidal flat sediment. The results demonstrate that the burrowing performance of S. globosa depended strongly on the state of s in association with the groundwater level. Notably, under a given sediment porosity, burrows started to develop and reached peak depth when s was present initially, but declined rapidly with increased s. The effective cohesion and stiffness of the sediment produced by the s were responsible for the manifestation of the threshold, optimum, and critical conditions for the development of the burrows. The present results imply that the s and related geophysical environmental conditions may have an important contribution to the natural selection of habitats of macroinfauna in intertidal zones 
INTRODUCTION
Crabs that live in intertidal zones, such as members of the family Ocypodidae, dig burrows in sediment and often produce balls of sand on the exposed surface of the sediment. The burrows are essential and serve several purposes (Warner 1977) . They allow the crabs to breathe air and to escape from predators. They protect the crabs from severe hydro-meteorological forcing due to tidal cycles, ranging from heat irradiation and winds during the period of exposure at low tides, to waves and currents during the period of submergence at high tides. Furthermore, the burrows function as a base for various kinds of basic living activities, such as feeding (e.g. Altevogt 1955), breeding (Christy 1987 , Koga et al. 1993 , and territorial behaviour (e.g. Zucker 1977) . Most of these activities take place during periods of exposure.
Burrowing performance may thus be an important factor in determining the distribution of species through burrow density (Icely & Jones 1978 , Wada 2000 , and in forming the macroinfaunal community of intertidal zones (Dugan et al. 2004 ). The burrowing performance of individual species may be affected by body size (Dugan et al. 2000) , sediment grain size (Botto & Iribarne 2000 , Nel et al. 2001 , temperature associated with physiological function (Donn & Els 1990 , Eshky et al. 1995 , and intertidal morphodynam-ics in relation to swash climate (Brazeiro 2005) . However, considering that burrowing itself represents physical action in sediments, the influence of geophysical state, such as sediment stiffness, on burrowing performance could be great. Despite its potential significance, the role of geophysical conditions in affecting burrowing performance remains largely unknown, in contrast to the role of wave and swash conditions that are manifested by the physical state of fluids (McLachlan 1990 , McLachlan et al. 1993 . This situation may stem from the lack of general understanding of the physical processes involved in intertidal sediments.
Recently, Sassa & Watabe (2007) demonstrated that suction (s), i.e. negative pore water pressure relative to atmospheric air pressure, plays a substantial role in controlling the geophysical environments of habitats with diverse infaunal activity. Building sand castles or boring a tunnel on a sand beach readily reveals the peculiar behaviour of s between sand grains when they get wet. Indeed, s develops above groundwater level in an exposed sandy sediment, even though s is zero at the groundwater level. Sassa & Watabe (2007) showed that the geophysical environmental conditions, such as voids, stiffness, and surface shear strength, of intertidal flat sediments are of unsteady nature in space and time, and depend largely on the state of s in association with the groundwater level.
The present study explores the link between geophysics and ecology. Specifically, we studied the geophysical mechanisms underlying burrowing activity through field observations, as well as laboratory experiments in which the relevant geophysical environmental conditions were simulated and varied, and we observed the associated crab activity. For this purpose, we used the sand bubbler crab Scopimera globosa (Crustacea: Ocypodidae). Our controlled laboratory experiments gave rise to the manifestation of characteristic crab responses to the geophysical environment, revealing threshold, optimum, and critical geoenvironmental conditions for the burrowing activity of S. globosa.
MATERIALS AND METHODS
Field observations. Field observations were performed on the Banzu sand flat (Kuwae et al. 2003 , Sassa & Watabe 2007 , on the east coast of Tokyo Bay, Japan. Scopimera globosa are the most common crabs in the intertidal zones of this flat. Other species of macroinfauna there include bivalves (Ruditapes philippinarum, Mactra chinensis, and Solen strictus), the mud shrimp Upogebia major and the ghost shrimp Callianassa japonica. The sediment is composed of fine-grained sand with median grain diameters D 50 = 0.17 to 0.23 mm and also contained silt and clay (grain diameters < 0.075 mm), which together constituted, at most, 8% of total sediment.
The s, groundwater level, and burrowing activity of Scopimera globosa were continuously observed during 2 periods of exposure at the flat on May 25 and 26, 2005. The times corresponded to those of spring tides, with a tidal range of 1.9 m.
s refers the tension of moisture in the sediment (Bear 1979) and is defined as:
where u a is the atmospheric air pressure and u w is the pore water pressure in the sediment. In order to look at the onset and progress of burrowing activity, we counted the number of groups of sand balls over time that individual crabs brought to the surface as a measure for their burrowing activity. These sand balls are larger than those the crabs produce when feeding at the sediment surface. For the observations, we chose level, 3 m × 3 m sections of intertidal flat with similar rates of s. s, as well as groundwater level, was measured using tensiometers (Sassa & Watabe 2007) . The accuracy of the tensiometers was ± 0.01 kPa (±1 mm depth).
The intertidal flat sediment remained saturated during the exposure periods; thus, there was a linear relationship between s and groundwater level (Sassa & Watabe 2007) .
Burrowing experiments. The sediment and Scopimera globosa used for the burrowing experiments were taken from the Banzu flat described above. We examined the influence on burrowing performance of s, void state, and stiffness of the sediment. The void state of the sediment is represented by void ratio e, which is related to the sediment porosity n:
The sediment relative density (D r ) denotes the sediment packing state:
For a given sediment, the maximum void ratio e max represents the loosest possible packing, and the minimum void ratio e min represents the densest possible packing (Taylor 1948) . Thus, D r is a normalized index by which to assess the packing states of sandy sediments.
The stiffness of the surface sediment can be represented by the vane shear strength (VSS) (Amos et al. 1988 , Sassa & Watabe 2007 . VSS indicates the resistance of the surface sediment to shearing that may occur from the action of waves and currents, and also from the burrowing action of crabs. Three series of experiments, 32 cases in total (Table 1) , were performed by prescribing the absence of s in Series 1, and by changing s from 0.2 to 3.9 kPa at 2 different sediment relative densities D r = 62% to 66% in Series 2, and D r = 80 to 84% in Series 3. For each case, we used 10 male Scopimera globosa with carapace widths of 10 mm. With reference to Table 1 , their individual weights ranged from 0.7 to 1.1 g, and the mean individual weight was essentially constant, at 0.86 to 0.9 g in each case. In all experiments, the air temperature, water temperature, and salinity of the water and pore water were kept essentially constant at 25°C, 21 to 23°C, and 26 to 29 psu, respectively. The crabs were maintained in standing water at the above temperatures and salinity for over 1 mo prior to the experiments to ensure that any endogenous physiological rhythms were abolished (McGaw 2005) .
In each case, we first prepared a cylindrical sediment deposit (Fig. 1a) by following the procedures of Sassa & Watabe (2007) . We then put the 10 Scopimera globosa, one at a time, around the edge of the circular surface of the sediment (Fig. 1b) . In most cases, the crabs immediately started digging, i.e. they first produced sand balls and removed them from the sediment, thus creating burrows in the sediment. All of this behaviour was consistently observable from above the sediment surface; through the transparent side wall of the chamber the progress of the burrowing activity was observed in detail for a period of 6 h for each crab.
Side views of the burrowing experiments are schematically shown in Fig. 2a . We identified 3 different types of visible burrows (Types 1, 2, and 3) and 2 situations where no burrows were created (Types 4 Table 1 ). (b) Top views of burrowing experiments: (left) immediately after 10 crabs were introduced one at a time from 1 to 10, and (right) some time later (e.g. 1 h). a,b: major and minor axes of sand ball diameters, respectively and 5). Types 1, 2, and 3 correspond to cases where s was present. Type 4 corresponds to cases where s was absent. Type 5 corresponds to cases where the sediment stiffness exceeded a limit arising from high s and the dense sediment packing state. For each type, the solid line in Fig. 2a represents the corresponding depth of the burrow identified at a given time.
The burrow depth occasionally reached the groundwater level, as illustrated in Fig. 2b . In these cases, the bottom of the burrow was slightly above the groundwater level at time t = t 1 . The crab inside the burrow would then dig until reaching groundwater level and create a closed cavity around itself containing entrapped air by pasting sand balls above itself at time t = t 2 . The crab then continued digging until the cavity was below the groundwater level at time t = t 3 .
Some typical examples of the measured burrow depths with time are shown in Fig. 3 . It can be seen that the burrow depths increased with time and eventually reached the final depth (D) at time T, where T denotes the amount of time it took a given crab to finish its burrow. Sometimes the burrows became invisible during the course of the experiment. In those cases, we stopped observation and repeated the experiment again; if there was any crab that had reached the bottom of the chamber, it was not counted to eliminate the effect of space constraints in the burrowing experiment.
We investigated the burrowing velocity (-D/T), the burrow formation time T, and D for each crab whose burrowing activity was consistently observed during the entire 6 h period of the experiment.
After completing the experiment, we sampled the sand balls produced and measured their major and minor axes (Fig. 1b) .
RESULTS

Field observations
The variation of the groundwater level at the field observation sites caused dynamics changes in the s states of the sediment (Fig. 4) . Namely, s developed initially at the uppermost sediment layer (z = -10 mm) In order to look at the onset and progress of burrowing activity, we counted the number of groups of sand balls over time that individual crabs brought to the surface as a measure for their burrowing activity about 50 min after exposure and then at deeper depths (z = -100 mm and -200 mm) with the downward progress of the groundwater level. Upon submergence, the s became negative and thus vanished. Crab burrowing activities were closely associated with the variation of s in the sediment. In particular, the onset of the burrowing activities coincided with the onset of s development in the sediment. This strongly suggests that the crabs took advantage of the effective cohesion produced by the presence of s, which enabled burrowing activity in the sandy sediment that previously had no inherent cohesion. Indeed, the observed total collapse of the sand balls on the sediment surface upon submergence indicates that the sandy sediment cannot support itself in the absence of s. The same general behaviour of the burrowing activity in relation to the s dynamics was observed during the exposure periods on both days.
Overall, the results of the field observations described above demonstrated that the initial development of s was the trigger responsible for the onset of burrowing activity. In addition, there was a close link between the progress of the burrowing activity and the state of the s in the sediment.
Burrowing experiments
In all cases where the effect of the absence of s on the burrowing activity was examined, there were no sand balls and no burrows. The crabs simply hid beneath the sediment surface at the beginning of the experiment and remained there for the subsequent 6 h period of the experiment. Since this series included the cases where the sediment was exposed, but s was absent, we can readily exclude the possibility that the crabs did not form burrows due to their respiratory requirement in water. Thus, the results indicate that the crabs could not create burrows without the contribution of s, and therefore could only remain in the surface sediment.
Once s was present in the sediment, sand balls were produced (Fig. 5 ) and burrows were created (Fig. 6) . Notably, under D r = 62 to 66%, the burrow depths developed significantly deeper at low s (e.g. 0.2 to 2 kPa) than at high s (e.g. 2.1 to 3.9 kPa) (MannWhitney U-test, p < 0.0001). This also proved to be the case for the higher density D r = 80 to 84%, under which the distinctive s ranges were different such that low s were between 0.2 and 1 kPa, and high s were between 1.2 and 3.9 kPa (p < 0.0001). However, the developed burrow depths under the higher density (D r = 80 to 84%) were significantly shallower than those under D r = 62 to 66% (p < 0.0001). The mean sand ball diameters (a + b)/2 (where a is the major axis and b is the minor axis), -D/T, and T versus s for the 2 different densities, D r = 62 to 66% and D r = 80 to 84%, are compared in Fig. 7 . With increasing s, the sand ball diameters became smaller and the burrowing velocities became lower. Under the higher density D r = 80 to 84%, the sand ball diameters were marginally smaller and the burrowing velocities were significantly lower than those exhibited under D r = 62 to 66% for the entire range of s (Paired t-test, p = 0.041 for the diameters, p = 0.0016 for the velocities). By contrast, there were insignificant differences (p = 0.15) in T, which was less than 3 h in almost all cases.
The mean D versus s for the 2 different densities, D r = 62 to 66 and = 80 to 84%, are compared in Fig. 8 . The diagonal dotted line distinguishes the regions above and below the groundwater level. For each of the densities, there were 2 peaks in D, representing 2 optimum states for the development of the burrows. One optimum state, OP B , occurred below the groundwater level, and the other optimum state, OP A , occurred above the groundwater level. D then declined markedly with further increases in s. This gave rise to a critical state (CR) beyond which D did not increase further. All of these states appeared at higher s under the lower density D r = 62 to 66%.
DISCUSSION
The results of the field observations and burrowing experiments clearly indicate that s and the relevant geophysical environmental conditions affected the burrowing performance of Scopimera globosa. To discuss the underlying mechanisms further, we present a conceptual model (Fig. 9) . The crab has 2 distinctive regions of burrowing activity: above and below the groundwater level. When the crab burrows above the groundwater level, s has 2 contrasting effects: it produces the effective cohesion that allows burrowing and governs the sand depth to which burrowing is physically possible; and it induces enhanced strength that makes burrowing more difficult. This trade-off gives rise to an optimum state OP A and a critical state CR of the s for the development of the burrow above the groundwater level, as shown in Fig. 8 . For the burrowing activity below the groundwater level, the crab uses a closed cavity containing entrapped air and the crab itself. Burrowing proceeds below the groundwater level by an additional amount that depends on the sediment strength in the absence of s; in other words, on the relative density of the sediment (Fig. 9) . As a result, there is an optimum s state OP B for the development of the burrow below the groundwater level, as shown in Fig. 8 . Burrowing performance is characterized by these 3 geophysical states -CR, OP A and OP B -which manifest themselves at particular VSS and which are a function of both s and D r (see Appendix 1). This conceptual model is capable of consistently accounting for the observed crab responses, namely the threshold state, the 2 different optimum states, and the critical state of the s and related geophysical environmental conditions for the development of the burrows.
Most of the intertidal crabs of the family Ocypodidae live in burrows as deep as 200 mm below the sediment surface (Wada 2000) . This means that there was substantial variation in the observed range of burrow depths. The simulated geophysical environments that involved s, groundwater level, D r , and VSS were realistic in view of their distributions in the field (Sassa & Watabe 2007) . The present results demonstrate that the presence of s is an essential threshold condition for a burrow to be formed. Since the fact that s may or may not develop strongly depends on the local topographical features, the distributions of s should be closely linked with the distributions of Scopimera globosa, which shows a preference for certain areas among the midlittoral zone where the sediment grain sizes are similar (Wada 2000) .
Burrows need to be sufficiently deep in order to fulfill their functions. If the burrows are limited to the level of the uppermost sediment, say z ≥ -50 mm, the crabs would be readily exposed to risks such as surface transport, predators, and the direct rays of the sun. In fact, summer temperatures in such shallow depths may exceed the upper lethal limits of the crabs (Eshky et al. 1995) . The critical geophysical state (CR) could generate such fatal situations, or the crabs would simply not select the sediments in that state. By contrast, the optimum geophysical states (OP) can facilitate the development of burrows. Such well-developed burrows are particularly important for some female crabs in their breeding cycle (Christy 1987) .
One important prediction of recent studies (e.g. Dugan et al. 2004 , Brazeiro 2005 related to the swash exclusion hypothesis (McLachlan et al. 1993) is that burrowing capability may determine which species of macroinfauna can successfully inhabit the intertidal zone. The present results clearly indicate that burrowing capability represents both burrowing speed and burrow development, both of which vary considerably with the s state and the related geophysical environmental conditions. Hence, the natural selection of habitats of macroinfauna should depend not only on wave and swash conditions, but also on the physical states of the sediments. Furthermore, the present results indicate that, for a given species of macroinfauna, there exist suitable geoenvironmental conditions favorable to burrowing activity. Since burrowing capability varies markedly among species and by their body size (Dugan et al. 2000 , Nel et al. 2001 , the suitable geoenvironmental conditions may change accordingly, which could then contribute to the patterns of zonation and community structure in the intertidal sediments. The present study may provide a rational basis for the role of geophysics in ecology and stimulate future infaunal research in intertidal zones. : optimum geophysical states for the development of burrows above and below groundwater level, respectively. CR: critical geophysical state for development of burrows. Subscripts 60 and 80 stand for D r = 62 to 66 and 80 to 84%. Dotted chain line represents the maximum measurable value of the apparatus used
